To investigate the biogeochemistry of iron in the waters of the European continental margin, we determined the dissolved iron distribution and redox speciation in filtered (,0.2 mm) open-ocean and shelf waters. Depth profiles were sampled over the shelf slope southeast of the Chapelle Bank area (47.61uN, 4.24uW to 46.00uN, 8.01uW) and a horizontal surface-water transect over the shelf and through the English Channel (la Manche) and the southern North Sea (46uN, 8uW to 52uN, 4uE). An abrupt trace-metal front was found near the shelf slope, indicated by a horizontal gradient of dissolved iron (DFe) and aluminium (DAl), which correlated with changing salinities (r 2 5 0.572 and 0.528, respectively, n 5 92). Labile Fe(II) concentrations varied from ,12 pmol L 21 in North Atlantic surface waters to .200 pmol L 21 in the near bottom waters of the shelf break. Labile Fe(II) accounted for ,5% of the dissolved iron species in surface shelf waters (mean 5.0 6 2.7%), whereas higher Fe(II) fractions (i.e., .8%) were observed near the sea bottom on the shelf break and during a midday solar maximum in surface waters in the vicinity of the Scheldt river plume. Benthic processes (resuspension and diagenesis) constituted important sources of Fe(II) and DFe in this region, and photoreduction of Fe(III) species in shelf waters caused enhanced labile Fe(II) concentrations. These processes increased the lability of iron and its potential availability to marine organisms in the shelf ecosystem.
The biogeochemistry of iron in the open ocean has received widespread attention in recent years due to its role in the biogeochemical control and feedback affecting ocean primary productivity (Falkowski et al. 1998 ). Evidence of basin-scale iron limitation has been observed in highnutrient, low-chlorophyll (HNLC) regions (Boyd et al. 2007 ). In the North Atlantic Ocean, reported surface-water dissolved iron (DFe) concentrations are in the range 0.02-1.5 nmol L 21 . The apparent ironreplete conditions in the North Atlantic are caused by enhanced iron inputs from shelf waters and atmospheric dust deposition. Despite this, there is growing evidence that not all open-ocean biological ecosystems in the North Atlantic are iron replete all year-round. Iron co-limitation has been observed in temperate Atlantic regions (Moore et al. 2006) . Therefore, microbial communities are dependent on the delivery of iron to the euphotic zone in the North Atlantic.
Elevated iron concentrations in shelf waters are a result of high iron inputs (e.g., rivers, sediment resuspension, and diagenesis), and the transport of iron from shelf regions to the open ocean is evident from the existence of iron gradients that extend beyond a continental-shelf slope. These iron gradients have been reported from highresolution offshore surface transects in the northeast Pacific Ocean (e.g., Johnson et al. 2003) . Furthermore, a recent study has shown that the HNLC region in the subarctic Pacific Ocean is enriched by particulate iron from the continental margin, over 1,000 km from the study area (Lam et al. 2006) .
Based on benthic-chamber sampling, Elrod et al. (2004) calculated a lower limit for the global flux of dissolved iron from shelf sediments of 2.2 3 10 9 mol Fe yr 21 . The principal mechanism for elevated iron concentrations in pore waters is the reduction of solid-phase iron in shelf sediments during diagenesis. Retention of DFe in shelf waters is influenced by processes in the water column, such as biological recycling, particle adsorption, redox processes, and complexation by organic ligands. These processes are likely to alter the redox speciation of iron, either at the sediment/seawater interface, in the photic zone, or in suboxic/anoxic regions of the water column.
Iron redox speciation in seawater is controlled by several key variables. Typically, open-ocean waters are oxic, and, hence, dissolved oxygen and hydrogen peroxide concentrations are highly significant because they control the kinetics of Fe(II) oxidation and the electron activity of seawater. Furthermore, temperature alters Fe(II) oxidation rates (Millero et al. 1987 ) and could therefore cause latitudinal and vertical variation in iron redox speciation. In situ iron addition experiments have also demonstrated an apparent stabilization of Fe(II) by the reduction of Fe(III) with superoxide and/or organic complexation (Croot et al. 2005) . Photoreduction of dissolved and colloidal iron has been extensively studied and shown to maintain significant pseudo-steady state Fe(II) concentrations in coastal waters (Miller et al. 1995) .
Model equilibrium calculations indicate that inorganic Fe(II) species (including Fe 2+ , FeCO 0 3 , and FeCl + ) exist at negligible concentrations (,1 3 10 212 mol L 21 ) in oxygenated seawater compared with Fe(III) species (Waite 2001) . However, .95% of DFe is reported to be organically complexed in seawater (e.g., Van Den Berg 1995) . Inorganic and organic iron-binding ligands in seawater remain uncharacterized but have important implications for iron redox chemistry, as complexation can alter the free energy of Fe(II) : Fe(III) redox states (Dhungana and Crumbliss 2005) as well as Fe(II) oxidation rates (Santana-Casiano et al. 2006) . Furthermore, Fe(III)-chelates can be an important source of kinetically labile Fe(II)9 and are more prone to direct and indirect photochemical reduction than inorganic moieties (Ozturk et al. 2004) .
The production of Fe(II) in seawater via photoreduction and abiotic redox reactions within the water column can also recycle dissolved and refractory iron species. In addition, bacterial oxidation of organic matter can create micro-and macro-environments capable of reducing iron species, and biologically controlled redox cycling of iron complexes has also been observed for some marine eukaryotes (Maldonado et al. 2005) . The effects of reduction mechanisms in shelf waters may be highly significant to primary productivity since kinetically labile inorganic Fe(II)9 and Fe(III)9 species are accessible forms of iron to eukaryotes (Hudson and Morel 1990) . However, our knowledge of the behavior of Fe(II) in oceanic waters is poor, and there is little evidence that water-column processes control bulk steady state Fe(II) concentrations. The paucity of redox speciation data for open-ocean regions has been mainly due to a lack of suitable analytical techniques. However, the emergence of flow-injection chemiluminescence methods (Bowie et al. 2002; Croot and Laan 2002) capable of rapid analysis and picomolar detection limits has made investigations into oceanic iron redox processes possible.
In this study, the aim was to assess the influence of the European continental margin on the dissolved iron distribution and speciation in overlying waters during the IRONAGES programme (Iron Resources and Oceanic Nutrients-Advancement of Global Environment Simulations). The distribution of labile Fe(II) and DFe concentrations are reported for waters southeast of the Chapelle Bank area (47.61uN, 4.24uW to 46.00uN, 8.01uW ) and for the shelf waters of the English Channel (la Manche) and the southern North Sea (46uN, 8uW to 52uN, 4uE) during spring 2002, along with dissolved aluminium (DAl) surfacewater concentrations. These data are discussed in terms of potential benthic sources, water mass mixing, and photochemical processes that affect the concentration and speciation of dissolved iron in this region.
Materials and methods
Cruise location-Sampling and shipboard measurements were made on the RV Pelagia from the 11 March 2002 to 03 April 2002. Sampling of the water column was conducted at the start of the spring bloom period, over a transect horizontally perpendicular to the contours of the European continental-margin slope near the Chapelle Bank region (Fig. 1) . This area is characterized by a broad continental shelf with a steep slope that extends down to ,4,500 m. The residual flow of surface shelf waters in the English Channel is predominantly eastward and highest in the winter. The major water mass transport in subsurface waters at the shelf break is caused by a northward slope current, which flows at a velocities of ,100-300 cm s 21 and tides that cause strong internal waves at the shelf break (Huthnance et al. 2001) . Storm conditions were prevalent during the first two weeks of the cruise (wind speed .15 m s 21 ), which were typical for this time of year.
Vertical profiles were sampled at 15 stations positioned along a transect line that extended into the Bay of Biscay between 47.61uN, 4.24uW and 46.00uN, 8.01uW (positions A and B, Fig. 1 ). Hourly discrete and near real-time underway surface-water sampling was conducted between stations using a towed fish that was deployed 5 m from the starboard side of the ship. Following this, two further surface-water transects across the shelf slope were completed before sampling through the English Channel to the coast of the Netherlands (positions B to C, Fig. 1; 46uN , 8uW to 52uN, 4uE).
Sample processing-Cast samples for labile Fe(II), DFe, and DAl were taken from precleaned, Teflon TM -coated GoFlo bottles (General Oceanics TM ), which were deployed on a Kevlar wire (De Jong et al. 1998) . After recovery, the bottles were immediately mounted in a laminar-flow cabinet in a clean container. Surface-water sampling was conducted whilst the ship was steaming (20-25 km h 21 ) using a trace-metal-clean towed fish connected by polytetrafluoroethylene (PTFE) tubing to a PTFE bellows pump (Almatec TM A-15), which provided a flow rate of ,3 L min 21 (Croot and Laan 2002) . The pump was driven by a compressor (Jun-Air TM , model 600-4B) operating at a pressure of 150-200 kPa. This underway pumping system supplied surface seawater directly into the clean container and ran continuously between stations. All sample handling was conducted using trace-metal protocols in a class 100 laminar flow hood inside the clean container.
Samples for DFe and DAl were filtered through Sartobran cartridges (0.2-mm-pore size, cellulose acetate membrane, Sartorius TM ), either in-line from the surface pump supply or using a filtered nitrogen overpressure on the GoFlo bottles. Discrete cast samples for DFe were collected in 250-mL, acid-washed, low-density polyethylene (LDPE) bottles (Nalgene TM ), which were previously stored filled with acidified high-purity water (18.2 MV cm 21 , Elga TM , 0.01 mol L 21 quartz-distilled HCl, VWR TM ). Cast sample filtration was completed within 1.5 h after collection, and the samples were then acidified (pH 1.9, quartzdistilled HCl) and stored for laboratory analysis.
Cast subsamples for labile Fe(II) were transferred into acid-washed and prerinsed PTFE vials in a laminar flow hood. The samples were then filtered immediately by pumping directly through a prewashed syringe filter (0.2-mm-pore size, PTFE membrane, Gelman TM ) into a flow injection chemiluminescence (FI-CL) analyzer. This allowed measurements to be made within 20 min of sampling. The method used for surface waters was identical, except that water was pumped directly from the towed fish through a 0.2-mm-pore-size syringe filter using a peristaltic pump (Minipuls 3, Gilson TM ). The filter was coupled directly to the flow injection manifold, allowing measurements to be made ,6 min after sampling.
Analytical methods-Labile Fe(II) was determined by inline solid phase preconcentration onto an 8-hydroxyquinoline resin at pH 5.0 followed by acid elution and luminol chemiluminescence detection. The FI-CL method has previously been used for underway Fe(II) determination in the Southern Ocean and South Atlantic Ocean, and details of the method can be found elsewhere (Bowie et al. 2002) . The limit of detection of this method (defined as three times the standard deviation of the blank) ranged from 5 to 12 pmol L 21 . The measurement was termed ''labile Fe(II)'' because the exact speciation of the iron complexes is unknown, and the term Fe(II) may imply that only inorganic Fe(II) species were determined. The percentage of dissolved Fe(II) was calculated as the ratio of labile Fe(II) over the dissolved iron concentration, i.e., (Fe(II) : DFe) 3 100%). The labile Fe(II) fraction was assessed for potential interferences by 100 nmol L 21 additions of first-row transition metals in acidified and unacidified North Atlantic seawater. The results indicated no significant interference (,1% relative Fe[II] signal) except for cobalt(II), which had a comparable sensitivity to Fe(II). Consequently, dimethylglyoxime (20 mmol L 21 , Sigma) was added to the luminol reagent. This masked cobalt(II) at concentrations #10 nmol L 21 , which is at least an order of magnitude greater than would be found in most seawaters. A further study with organic ligands also showed that some complexes caused a slight positive interference (,1% of total iron concentration; Ussher et al. 2005) , but the concentrations used in the study (100 nmol L 21 ) were assumed to be in excess of those of individual organic ligands in the ocean.
To assess the stability of Fe(II) in the samples, a GoFlo bottle was used to sample the benthic boundary layer (80 m) and surface waters (20 m, during the midday solar maximum) on the shelf. For both experiments, the sample bottles were immediately brought into the clean container, and a PTFE tube (0.75-mm internal diameter) was inserted into the spigot of the sampler. Labile Fe(II) was then monitored over a period of 80 min (Fig. 2) . The Fe(II) signal for the sample of the benthic boundary layer was found to remain stable throughout this time. Hence, the samples taken below 50 m were assumed to be stable within the 20-min sampling time employed. In contrast, the signal for the surface sample decreased with time; therefore, some loss of the Fe(II) signal was expected during the 6 min transit time of the surface water in the towed fish sampler to the FI-CL analyzer. However, considering the physicochemical diversity of shelf waters, the loss was not considered to be significant (,10%) compared with the error that could be incurred by extrapolating determined labile Fe(II) concentrations to the time of sampling (t 5 0).
DFe was determined using FI-CL in a shore-based class 1,000 clean room after a 4-month sample acidification period and a 12 h sulfite reduction step (Bowie et al. 1998 ). All measurements reported for both the Fe(II) and DFe methods were the mean values of three or four replicates (where peak height was measured). The DFe analytical method was validated by triplicate analyses of the IRONAGES reference standard (bottle number 233; Bowie et al. 2006 ). The result was 0.55 6 0.06 nmol L 21 , which compared well with the mean international community value of 0.59 6 0.21 nmol L 21 . DAl was determined using a batch method adapted from Hydes and Liss (1976) .
Supporting oceanographic data were provided by workers from the Royal Netherlands Institute for Sea Research (NIOZ), and these included underway and conductivitytemperature-depth (CTD) physical data, dissolved oxygen, and nutrient data. Dissolved oxygen was determined using Winkler titrations, and nitrate and phosphate were determined using segmented flow analysis (Grashoff et al. 1983) . Turbidity was measured using a precalibrated Seapoint Turbidity Meter (Seapoint Sensors) mounted on the CTD frame and data reported as FTU (Formazine turbidity units). Photosynthetically active radiation (PAR) was determined using an irradiance sensor (4410, Royal NIOZ). All contour plots were formulated using Ocean Data View (Schlitzer 2007) .
Results and discussion
Vertical distribution of dissolved iron redox species near the shelf slope-The physico-chemical data for the vertical section over the slope of the European continental margin are shown in Fig. 3 . Salinities in the surface mixed layer (,100 m) showed a horizontal gradient from French coastal waters (salinity 5 35.15) to the off-shelf waters (salinity 5 35.6). Dissolved oxygen ranged between 200 and 280 mmol L 21 in the near-surface waters (,500 m), indicating oxic conditions. An oxygen minimum of 183 mmol L 21 was observed at 800-m depth, which was attributed to Mediterranean Outflow Water. Nitrate concentrations were close to uniform in the near-surface waters (5.5-7 mmol L 21 , 5-200-m depth) and increased with depth to a maximum of 22.7 mmol L 21 at ,4,000 m. Turbidity maxima (.0.5 FTU) were found in near-bottom waters near the coast (4.1-4.6uW) and attributed to sediment resuspension. An isolated surface-water patch of high turbidity was observed above the shelf break (5.7uW), which may have been either horizontally transported benthic material, an active bloom, or remnants of an earlier bloom. It was not possible to determine the nature of this patch because no discrete chlorophyll or flow cytometry data were available for the cruise.
Density data in surface waters showed a decrease away from the coast to the open ocean (s h 26.9-28.0 kg m 23 ), corresponding to an increase in temperature (10.5-12.0uC).
The horizontal density gradient was greatest beyond the shelf break (,6uW), and vertical density profiles indicated that the depths of the benthic boundary layer (BBL) varied between 10 and 60 m (Laës et al. 2006) on the shelf.
The vertical distribution of DFe over the shelf and slope (Fig. 4) showed a DFe gradient between off-shelf surface waters (0.15-0.5 nmol L 21 ) and near-bottom coastal waters (0.8-2.1 nmol L 21 ). These values compared well with the results of Laës et al. (2006), which showed concentrations of ,0.45 nmol L 21 in offshore surface waters and 0.9-2.4 nmol L 21 for shelf waters. These authors reported enhanced DFe concentrations (.0.8 nmol L 21 ) on the shelf break and in regions of maximum turbidity. It was concluded that in the coastal waters, enhanced DFe concentrations were the result of sediment resuspension. DFe-enriched near-bottom waters (0.6-2.0 nmol L 21 ) were also found in waters of high turbidity (500-1,000 m) associated with the highest total dissolvable Fe (TDFe) concentration observed over the upper slope, where high flow velocities, bioturbation, and anoxic bacterial mineralization have been reported (Heip et al. 2001 ). This feature was attributed both to high iron dissolution fluxes from pore waters and to resuspension of particulate iron induced by internal wave activity
The results from our study show that labile Fe(II) concentrations were enriched on the continental slope and were near or below the detection limit of the FI-CL method (,12-50 pmol L 21 ) in the off-shelf waters (6-8uW). The concentrations on the upper slope were found to increase significantly near the shelf break and in the coastal waters, where near-bottom concentrations reached maxima of 280 pmol L 21 (5.7uW, 10-m depth) and 180 pmol L 21 (5.6uW, 190-m depth), respectively. Figure 4 shows a comparison of the labile Fe(II) and %Fe(II) with the DFe distribution in the slope and surface shelf waters. The observed distribution is evidence that several mechanisms were controlling iron speciation in these waters. Firstly, enhanced concentrations (.100 pmol L 21 ) were found in coastal bottom waters near the turbidity maximum, presumably due to the release of labile Fe(II) following resuspension of surface sediments. In contrast, the enhanced concentrations in the less turbid near-bottom waters on the shelf break (100-280 pmol L 21 and .15 %Fe [II] ) were more indicative of diffusion from underlying sediments. Finally, the elevated turbidity and high labile Fe(II) (.150 pmol L 21 ) and DFe concentrations found between 5-and 50-m depth on the shelf break suggest that a patch of lithogenic or biological particles (e.g., a degrading bloom) produced significant concentrations of labile dissolved iron species.
In contrast, the deep-water samples taken within 50 m of the seafloor in the abyssal plain of the Bay of Biscay (46.0uN, 8.0uW to 46.6uN, 6.4uW) showed no clear enrichment of labile Fe(II) or DFe (Figs. 4 and 5) . This was considered to be a result of (1) highly efficient mineralization of sinking organic particles in the intermediate waters near the slope, (2) low turbidity and bottom sediment resuspension (turbidity ,0.1 FSU), and (3) more refractory sediments and deep oxygen penetration in the abyssal plain. In order to estimate a rate for labile Fe(II) production in the near-bottom waters of the shelf region, it was assumed that labile Fe(II) concentrations determined in the benthic boundary layer were representative of a 1-m 2 column of water at each station, and that diffusion away from the benthic boundary layers was negligible. Therefore, if the interactions between the overlying water and sediments were at a pseudo-steady state, the following rate equation equates to zero:
where k sediments is the zero-order rate constant for the input of Fe(II) from sediments, and k ox is the oxidation rate constant. A zero-order rate constant is appropriate for this calculation because DFe concentrations in benthic flux chambers have been reported to vary linearly with time (r 2 5 .0.7 for 77% of observations; Elrod et al. 2004) . To calculate k ox with the temperature-dependant oxidation kinetics of Millero and Sotolongo (1989) and Millero et al. (1987) , the mean temperature, salinity, Fe(II) concentration, and oxygen concentrations in the BBL were used Recently, Hopkinson and Barbeau (2007) determined iron redox speciation using FI-CL for the oxic and suboxic waters of the tropical Northeast Pacific (100-1,300 km offshore). These workers observed Fe(II) concentrations of 120-150 pmol L 21 (21-24 % of total dissolved iron) in the suboxic zone (dissolved oxygen , 5 mmol L 21 ) of the upper water column (0-300 m). It was concluded that the elevated Fe(II) concentrations observed were a result of in situ redox processes rather than advection of pore waters from reducing sediments. The data reported here for near-bottom shelf waters (5-30 %Fe [II] ) show a similar range as the data reported by Hopkinson and Barbeau (2007) , and both sets of observations indicate higher Fe(II) values than would be predicted by equilibrium calculations for inorganic iron species. However, the labile Fe(II) distribution reported here shows detectable concentrations .100 m away from sediment sources and the turbidity maxima. Considering the short half-life of inorganic Fe(II) in these cool oxic waters (2-40 min), we hypothesize that Fe(II) species were stabilized by complexation or the release of reducing species (e.g., thiols) from the sediments. This hypothesis is supported by the observations of significant changes in Fe(II) oxidation rates in the presence of organic molecules (e.g., SantanaCasiano et al. 2006 and references therein).
Horizontal distribution of dissolved iron and aluminium in
European continental-shelf surface waters-DFe, DAl, and dissolved nutrient distributions in the surface waters (2-4-m depth) were determined for a transect (positions A to C in Fig. 1 ) from the northeast Atlantic Ocean (46.0uN, 8.0uW) to the coast of the Netherlands (52.4uN, 4.2uE) (Fig. 5) . Well-defined salinity gradients were observed between the North Atlantic Ocean and the shelf waters (34.5-36) and between the English Channel and the coastal waters of the North Sea (27-34.5). Monthly averaged surface chlorophyll a from the SeaWiFS satellite data ranged between ,2.5 and 4 mg m 23 in the English Channel and southern North Sea at the time of our study, confirming that spring phytoplankton growth had commenced. Dissolved nitrate, phosphate, and silicate concentrations in the surface waters were in the ranges 0.5-37.0, 0.01-0.50, and 0.5-7.0 mmol L 21 , respectively. The lowest phosphate and silicate concentrations were found at 3.5uE in the southern North Sea and indicated significant drawdown in this region.
The lowest DFe and DAl surface-water concentrations were found in the northeast Atlantic Ocean and on the slope, where they varied from 0.14 to 0.6 nmol L 21 and 7 to 22 nmol L 21 , respectively. In the English Channel, the concentrations of both elements were higher, ranging from Hydes 1989) . DFe was consistently lower than the surface-water data reported for the same region in March 1998 (Boye et al. 2003) , when North Atlantic and English Channel surface waters were 0.6-0.9 and 1.0-1.7 nmol L 21 , respectively. This difference represents either intermethod differences and/or interannual variation of water mass mixing and the onset of the spring bloom.
The four-to fivefold decrease in DFe and DAl concentrations found between shelf and open-ocean waters was similar to the one-to fivefold decrease seen for Cd, Ni, Cu, and Mn in previous studies of the European continental shelf (Le Gall et al. 1999) . Potential iron sources to surface shelf waters include benthic, riverine, and atmospheric inputs. However, along the salinity gradient of 34-35.5, DFe and DAl concentrations in the English Channel were predominantly controlled by mixing between open-ocean and the less-saline shelf waters. Figure 6 shows the surface-water DFe, DAl, and salinity data over the slope of the European continental margin. Plots of DFe and DAl concentrations versus salinity showed nearconservative mixing (r 2 5 0.572 and 0.528, respectively; n 5 92, p , 0.001) of the dissolved metals between the English Channel and the open ocean. The DFe and DAl concentration gradient occurred over a relatively short distance (,200 km) , and this supports the conclusion of Hydes et al. (2001) that minimal large-scale horizontal transport of water across the shelf break occurs in this region despite severe winter storms.
In comparison, the full DFe and DAl data sets (8.0uW-4.2uE), which included eastern English Channel and North Sea waters, were not well correlated with salinity (r 2 , 0.3, n 5 109). Hence, DFe and DAl distributions were nonconservative and were more influenced by partitioning between particulate matter and the dissolved phase. Furthermore, there was a lack of covariance between DFe and DAl distributions in the eastern English Channel and the southern North Sea (0-4uE). DAl decreased to nearly half the concentration found in the middle of the Channel (20-40 nmol L 21 ), following a similar trend to silicate, consistent with the seasonal depletion of DAl in the North Sea due to seasonal biological scavenging (Van Beusekom 1988) . In contrast, DFe concentrations continued to increase eastward through the southern North Sea (1.5-4uE) as the water-column depth became more shallow.
Dissolved iron redox speciation in European continentalshelf surface waters-The results from the surface transect (46.0uN, 8.0uW to 52.4uN, 4.2uE, A to C in Fig. 1) show that surface-water concentrations of Fe(II) increased simultaneously with DFe over the shelf from the Northeast Atlantic into the shelf waters of the English Channel (,26 to 12-75 pmol L 21 ; Fig. 7 ). The labile Fe(II) surface data showed high variability, and labile Fe(II) was found to form an important part of the DFe pool throughout the transect (mean of 5.0 6 2.7%, n 5 92). No significant correlation was observed between solar radiation and the labile Fe(II) : DFe ratio for the transect west of the Strait of Dover (2uE-4.2uW) or in the surface waters off the shelf (r 2 , 0.4). However, labile Fe(II) concentrations showed a diurnal trend in the low-salinity waters of the Scheldt river plume, between 1.5uE and 3.4uE, where no significant changes in DFe or salinity occurred but elevated concentrations of labile Fe(II) were observed (.100 pmol L 21 ). The most probable cause of this increase was direct and/or indirect photochemical reduction of Fe(III) species facilitated by high concentrations of dissolved and colloidal organic matter delivered by the river plume.
To estimate the photoreduction rate in these waters, a steady-state redox speciation model was used (Sunda 2001) . If it is assumed that all the labile Fe(II) determined between 2.0uE and 3.5uE was dissociated inorganic Fe(II) due to photoreduction reactions and that the difference between DFe and labile Fe(II) represented complexed dissolved iron (Fe[III]L) rather than inorganic and particulate species (.0.2 mm), then a simple rate expression can be used to describe the system:
where L is an organic ligand, and k hv cond and k ox are the conditional first-order photoreduction rate constants at the midday solar maximum and calculated oxidation rate constant, respectively. Using temperature-dependant oxidation kinetics (Millero et al. 1987; Millero and Sotolongo 1989) time of year. This was close to the detection limit of the FI-CL method (5-12 pmol L 21 ) and the scatter of the data, and, thus, together with the lower PAR values seen in these waters (see Fig. 7 ), it explains why no clear diurnal trends in the labile Fe(II) data were observed in these waters.
The estimated k hv cond value was two orders of magnitude higher than previously reported first-order photoreduction constants for colloidal iron in open-ocean waters (e.g., 2.3 3 10 24 s 21 ; Johnson et al. 1994 ) and for dissolved iron in coastal seawater (e.g., 6.3 3 10 24 s 21 ; Miller et al. 1995) . Such a variation is to be expected due to the exclusion of particulate iron from the model calculations, as well as variation in organic speciation, light regimes, and the kinetic model used. It also shows that further work is required to better constrain the kinetic constants of Fe photoreduction reactions in seawater under ambient conditions. Overall, the labile Fe(II) data in European continentalshelf waters were consistent with strong Fe fluxes from shelf redox processes caused by reducing benthic environments, resuspension, and photoreduction. However, advective and diffusive transport was not considered in the calculations and the existence of detectable labile Fe(II) concentrations .100 m from the apparent sources would suggest longer half-lives than would be predicted for the majority of known iron complexes. Hence, further studies are required to characterize the redox properties of iron complexes in shelf regions.
